Cutinase has been ascertained as a biocatalyst for biotechnological and industrial bioprocesses. The Glomerella cingulata cutinase was genetically modified to enhance its enzymatic performance to fulfill industrial requirements. Two sites were selected for mutagenesis with the aim of altering the surface electrostatics as well as removing a potentially deamidation-prone asparagine residue. The N177D cutinase variant was affirmed to be more resilient to temperature increase with a 2.7-fold increase in halflife at 508 8 8 8 8C as compared with wild-type enzyme, while, the activity at 258 8 8 8 8C is not compromised. Furthermore, the increase in thermal tolerance of this variant is accompanied by an increase in optimal temperature. Another variant, the L172K, however, exhibited higher enzymatic performance towards phenyl ester substrates of longer carbon chain length, yet its thermal stability is inversely affected. In order to restore the thermal stability of L172K, we constructed a L172K/N177D double variant and showed that these two mutations yield an improved variant with enhanced activity towards phenyl ester substrates and enhanced thermal stability. Taken together, our study may provide valuable information for enhancing catalytic performance and thermal stability in future engineering endeavors.
Introduction
Biocatalysis often refers to the application of enzymes under tough in vitro reaction conditions of an industrial process; hence, transforming these physiological catalysts into process catalysts is a major challenge in biocatalysis (Fessner, 2000) . Although it is often advantageous to adapt industrial processes to environmentally benign conditions favored by the enzyme, the use of more extreme conditions is sometimes required. Regardless of process conditions, the operational stability of the biocatalyst is undoubtedly a major determinant of economic relevance (Eijsink et al., 2004) . Biocatalysis is generally carried out at elevated temperatures to reduce the operational cost of bioprocesses. Hence, thermal tolerance is of exceptional relevance for industrial enzymes as it prolongs their half-lives under relatively harsh process conditions (Dumon et al., 2008) . Research has shown that there are a variety of mechanisms to impart thermo-stabilizing features to enzymes (Haki and Rakshit, 2003) . Experimental and theoretical analyses affirmed that thermal stability is primarily achieved by subtle but appropriate changes at different positions in the structure involving electrostatic interactions, hydrogen bonding and hydrophobic interactions (Karshikoff and Ladenstein, 2001) .
Cutinase is a polyesterase naturally produced by most phytopathogenic fungi to hydrolyze the shielding cutin layer of plant cuticles (Purdy and Kolattukudy, 1975; Martinez et al., 1992; Longhi et al., 1997) . This enzyme is thought to be functionally comparable with esterases and lipases for its efficient hydrolysis of soluble esters and emulsified triacylglycerols (Nicolas et al., 1996; Longhi and Cambillau, 1999; Egmond and De Vlieg, 2000) . Either of these attributes is expedient for industrial and synthetic applications and hence, the potential applications of cutinase include dishwashing and laundry detergents (Kolattukudy and Poulose, 1996) , oils and fats modification (Carvalho et al., 1998) , ester synthesis (De Barros et al., 2009 Dutta and Dasu, 2011) , cosmetics industry (Carvalho et al., 1999) , leather and paper processing (Svendsen, 2000) , polyester synthesis (Hunsen et al., 2007; Feder and Gross, 2010) , biodiesel production (Badenes et al., 2010 (Badenes et al., , 2011 Gali and Garapati, 2010) as well as synthetic polyester degradation (Alisch-Mark et al., 2006; Ronkvist et al., 2009; Herrero Acero et al., 2011; Silva et al., 2011; Baker et al., 2012) . Recently, the first reported crystal structure of a polyester-degrading cutinase was resolved at 1.76 Å by Kitadokoro and coworkers. From the 3D structure, they observed a superficial, elongated polyethylene terephthalate (PET)-like molecular recognition groove, which extends from the catalytic pocket of Thermobifida alba AHK119 cutinase (Kitadokoro et al., 2012) . Certainly, the wealth of biochemical and structural knowledge generated thus far would be useful for rational optimization of cutinase performance.
Glomerella cingulata is a phytopathogenic fungus that causes anthracnose on fruits, stems and leaves. The G. cingulata cutinase cDNA was previously cloned and the corresponding enzyme was successfully expressed. The crystal structure of G. cingulata recombinant cutinase was subsequently determined (Nyon et al., 2008 (Nyon et al., , 2009 ) and shed light on the necessity to fully understand and manipulate the unique features of this versatile enzyme. Therefore, in this study two single-site variants were designed, aimed at enhancing the enzymatic activity and thermal stability of the G. cingulata cutinase. The selection and design of the mutations were aimed at altering the surface electrostatics and the removal of a potentially deamidation-prone asparagine residue.
The deamidation of asparaginyl and glutaminyl residues is a dominant degradation pathway for proteins (Heaton and Armentrout, 2009) and peptides (Kosky et al., 2009) . Removal of these residues was shown to increase the thermal stability of proteins (Declerck et al., 2000; Oh et al., 2002) . It has been a long-standing notion that surface residues are less important for protein stability (Spector et al., 2000; Makhatadze et al., 2004; Robinson-Rechavi et al., 2006; Strickler et al., 2006; Gribenko et al., 2009) . However, over the last decade, optimization of the electrostatics on the enzyme surface has emerged as a promising strategy for enzyme thermal stabilization (Perl and Schmid, 2001; Gribenko et al., 2009) . Hence, we selected two uncharged residues (N177 and L127) located in a loop that were shown to be involved in the initial unfolding state of Fusarium solani cutinase (Creveld et al., 1998) , for mutagenesis to enhance enzymatic performance for enhanced applications in industry. The ability of the N177D cutinase variant to endure higher temperatures was confirmed by dynamic light scattering (DLS) measurements. Improvement in enzymatic activity of the second variant, L172K, with a concomitant loss of thermal tolerance is also presented. We then constructed a double mutant, the L172K/N177D, and showed that these two mutations are mutually compensating.
Materials and methods

Strains and media
Escherichia coli Origami B (DE3) (Novagen, Madison, WI, USA) was used as a heterologous bacterial host in all experiments for over-expression of cutinase coupled with pET32b (þ) (Novagen). Escherichia coli was grown in a low salt Luria -Bertani medium (LB) (Amresco, USA), supplemented with ampicillin (100 mg/ml), kanamycin (15 mg/ml) and tetracycline (12.5 mg/ml) (Calbiochem, USA) for the selection of clones harboring the gene of interest.
Plasmid construction
Unless otherwise stated, all DNA cloning and manipulation used in our study were performed according to the standard protocols as described elsewhere (Sambrook and Russell, 2001) . The wild-type cutinase gene was amplified via polymerase chain reaction (PCR) with the primer pairs (NHis-cutF 5 0 ctcgagacggatccttcgtccactc 3 0 and NHis-cutR 5 0 ttaattctccaagcttaccaatgc 3 0 ) from the plasmid harboring G. cingulata cutinase cDNA (Bakar et al., 2001 ). The PCR product was then digested with BamHI and HindIII, cloned into the pET32b (þ) vector and used to transform E. coli Origami B (DE3) cells.
Site-directed mutagenesis and DNA sequencing
All of the cutinase variants were generated via a megaprimer-based PCR approach. This strategy is based on two rounds of PCR using two flanking primers and one internal mutagenic primer that carries the desired mutation (Tyagi et al., 2004) . The full-length mutated PCR products were desalinated and concentrated using a PCR purification kit (Qiagen, Chatsworth, CA, USA), and then individually restricted with BamHI and HindIII (Promega, USA), cloned into BamHI and HindIII digested pET32b (þ) and subsequently transformed into chemically competent E. coli Origami B (DE3) cells. Recombinant plasmids were then recovered from the transformants and the presence of each specific mutation was confirmed by DNA sequencing using the BigDye Terminator Cycle Sequencing Kit (Perkin-Elmer Applied Biosystems, Foster City, CA).
Recombinant protein expression
The T7 expression E. coli strain, Origami B (DE3) was used in all protein expression analyses. Cultures harboring the respective mutated genes were grown with shaking (200 rpm) at 378C in 5 ml of LB medium supplemented with ampicillin (100 mg/ml), kanamycin (15 mg/ml) and tetracycline (12.5 mg/ml) for 5 -6 h. Aliquots were then sub-cultured at 1 : 100 into antibiotic supplemented LB, grown at 208C overnight to an OD 600 of 0.5-0.6. Expression was then induced by adding isopropyl-1-thio-b-D-galactopyranoside (IPTG) (Sigma-Aldrich, St Louis, MO, USA) to a final concentration of 0.1 mM, followed by incubation at 208C (200 rpm) for 24 h. The cells were then harvested by centrifugation (1957 g, 10 min). The cell pellets were resuspended in Bugbuster reagent (Novagen, Madison, WI, USA) and soluble protein was separated from the cell debris by centrifugation at 15 000 g for 15 min. The supernatant, i.e. the soluble protein fraction, was decanted followed by filtration prior to protein purification. The expression profiles of each expression construct were analyzed using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) . The SDS-PAGE gel was then stained with Coomassie Brilliant Blue R250 (Sigma-Aldrich). Total protein concentration was estimated by the Bradford assay (Amresco, USA) (Bradford, 1976 ) using bovine serum albumin as a standard.
Enzymatic assay
For the characterization of enzyme variants, the colorimetric method of Winkler and Stuckmann was employed by measuring the release of p-nitrophenolate ion from pNP-palmitate ( pNPP) (Sigma-Aldrich) (Winkler and Stuckmann, 1979) . This assay was set-up as described in Kumar et al. (2005) . All the enzymatic assays were performed in triplicate. One enzyme unit is defined as 1 nmol of p-nitrophenol enzymatically liberated from the substrate per minute under standard assay conditions.
Protein purification by immobilized metal ion affinity chromatography
The cutinase cell-free crude extract was loaded on a nickelsepharose high-performance column linked to the chromatographic system AKTAprime (GE Healthcare Biosciences, Sweden), washed with 0.5 M NaCl, 20 mM NaH 2 PO 4 at pH 7.4 and then eluted with the same buffer composition in the presence of 200 mM imidazole (Merck, Darmstadt, Germany).
Separation of cutinase from its fusion partner by ion exchange chromatography
The purified cutinase was then desalted against Tris-HCl buffer, pH 7.4 prior to cleavage by recombinant enterokinase (Novagen) following the manufacturer's specifications. In order to separate recombinant cutinase from its fusion partner after enterokinase digestion, the sample was loaded onto an anion exchange column (Q-Sepharose High Performance, GE Healthcare Biosciences) and the targeted protein was eluted off the column with a linear gradient of 0 to 1 M NaCl in 20 mM Tris HCl, pH 8.4 (WT, N177D and L172K/N177D) or step-gradient of 6% of 1 M NaCl in 20 mM Tris-HCl, pH 8.8 (L172K).
Optimal temperature (T opt ) determination and thermal inactivation analyses
The optimal temperature of the variants was examined by measuring the initial activity at temperatures ranging from 15 to 708C under standard assay conditions. In order to determine the thermal tolerance of the variants, each enzyme sample was first heated for 30 min at temperatures ranging from 20 to 708C prior to the initiation of the assay.
Measurement of thermally induced unfolding by DLS
Thermally induced unfolding of the wild-type cutinase and its variants was monitored by DLS. Purified enzyme samples were prepared in 20 mM Tris-HCl buffer, pH 8.0. All experiments were performed at a protein concentration of 1 mg/ml. The melting point determination was carried out on a Viscotek 802DLS (Malvern, UK). Enzyme samples were loaded in a 12-ml quartz cuvette. An automated temperature scan of the sample was carried out to observe for a sharp rise in both size and scattering intensity as a function of temperature. The marked point where both size and scattering intensity showed a sharp increase was determined as the melting point.
Results and discussion
Generation and over-expression of cutinase variants
Two mutation sites in the G. cingulata cutinase cDNA were targeted to produce the cutinase variants N177D, L172K and L172K/N177D. These constructs carrying the desired mutations were cloned into the expression vector, pET32b (þ), and subsequently used to transform E. coli strain Origami B (DE3) cells (Table I) . Over-expression of these constructs was attempted using the standard expression conditions previously described for the wild-type recombinant cutinase (Nyon et al., 2008) . Functional expression was achieved for all of the cutinase variants. SDS-PAGE profiles revealed that these variants were successfully over-expressed as soluble fusion enzymes of about 39 kDa upon induction with 0.1 mM IPTG at 208C.
Design and enzymatic evaluation of the N177D and L172K
Intrinsic motional properties for both catalytic function and initial unfolding of a F. solani cutinase were previously investigated using molecular dynamics (MD) simulations by Creveld et al. (1998) . A loop encompassing residues 151 -166 of F. solani cutinase was identified as one of the regions in which unfolding is initiated. In this respect, residues situated in this loop might have a higher propensity for thermal inactivation as the region was identified by thermal unfolding MD simulations at 393K. Moreover, it is generally clear that deamidation of asparaginyl and glutaminyl residues may account for irreversible denaturation of enzymes at high temperatures (Kaneko et al., 2005) . Substituting the asparagine (Asn) or glutamine (Gln) residues that potentially exert detrimental effects on stability upon deamidation is thus considered a prudent strategy to achieve thermal stabilization.
Currently, there is no information on which G. cingulata cutinase Asn/Gln residues would be most prone to deamidation and concomitant deleterious damage to the cutinase molecule. Similarly, there is no established design principle to impede irreversible denaturation by deamidation. In an attempt to alter the surface electrostatics and reduce the deamidation-susceptible glutamine or asparagine residue, multiple sequence alignment was performed with representative phytopathogens cutinases with sequence identity of 50% (Fig. 1) . Altogether, three asparagine and one glutamine residue were identified in a loop corresponding to the loop where the initiation of unfolding in F. solani cutinase (Creveld et al., 1998) occurs. Since asparagine residues are shown to deamidate at an average of 100 times faster than glutamine residues (Robinson et al., 2004) and glutamine deamidation is rarely detected in recombinant proteins (Jenkins, 2007) , particular attention was given to asparagine residues located in this loop (167-181 of G. cingulata cutinase).
From the multiple sequence alignment, N168, Q170 and N171 of G. cingulata are highly conserved with all cutinases of fungal phytopathogens (Fig. 1) . On the other hand, three fungal cutinases do not have an asparagine at the position N177 of G. cingulata cutinase as compared with other cutinases. Magnaporthe grisea cutinase (CAA 43717) and Ascochyta rabiei cutinase (P 29292) have an aspartate residue, whereas Pyrenophora tritici-repentis cutinase (XP 001941463) has an arginine residue at the corresponding position. It has been shown in several studies that substitution of asparagine to aspartate was advantageous to thermal stabilization of enzymes Tang et al., 2006; Rahimzadeh et al., 2012) . On the basis of these studies and the outcome of the multiple sequence alignment conducted, replacement of N177 by aspartate may appreciably improve the stability of G. cingulata cutinase.
Another residue located in the same loop, L172 was selected based on the corresponding amino acid position, R156, in F. solani cutinase (Fig. 1 ). An R156K variant was reported to exhibit 115% relative activity towards olive oil emulsions with reference to the wild-type cutinase (Egmond and De Vlieg, 2000) . In addition, Brissos et al. (2008) discovered the same amino acid substitution of R156K from their complete saturation library of F. solani cutinase. This variant was improved with respect to its activity and stability whereby it exhibited an increase in activity of 1.5-fold and stability of 2.53-fold towards the anionic detergent dioctyl sulfosuccinate sodium salt (AOT) relative to wild-type cutinase in the presence of pNP-butyrate as the substrate. Hence, substitution of leucine by lysine at position 172 is likely to impart higher activity and stability to G. cingulata cutinase.
Purified recombinant cutinase samples were tested on p-nitrophenyl ( pNP) ester substrates of different acyl chain length, namely pNPL ( pNP laurate, C12:0), pNPM ( pNP Thermal stabilization of Glomerella cingulata cutinase myristate, C14:0) and pNPP ( pNP palmitate, C16:0) (Fig. 2) . It was evident that L172K displayed relative activity of 120, 140 and 150%, respectively, towards pNPL, pNPM and pNPP as compared with the wild-type control. This appears to be consistent with the studies by Egmond and Vlieg (2000) and Brissos et al. (2008) on F. solani cutinase. However, no observable difference was seen for N177D in comparison with the wild-type cutinase. In addition, the relative activity of N177D towards the substrates was slightly reduced as compared with wild-type cutinase under the standard assay condition at 258C.
N177D is more resilient to temperature increase
The optimal temperature (T opt ) of N177D is shifted from 258C (T opt of wild-type recombinant cutinase) to 308C (Fig. 3) . As a shift in activity-temperature profiles towards a higher temperature often accompanies thermo-stabilization and is indicative of a more stable folded protein (Daniel et al., 2001) , this outcome prompted us to study the difference in thermal tolerance for this variant. Interestingly, N177D retained more than 30% of its initial activity after heat treatment at 508C for 2 h (Fig. 4) . Meanwhile, both the wild-type cutinase (WT) and L172K could only retain up to 10% of its initial activity following 2 h of thermal inactivation at 508C. The WT demonstrated a continuous decline in activity as a function of increasing temperature, whereas, a marked reduction of biological function was observed for L172K following only 20 min incubation at 508C. This observation was unexpected as the catalytic activity and stability of the F. solani cutinase Fig. 1. (a) Sequence alignment of G. cingulata cutinase with cutinases from other phytopathogenic fungi. G. cin, Glomerella cingulata; M. gri, Magnaporthe grisea; A. bra, Alternaria brassicicola; A. rab, Ascochyta rabiei; P. tri, Pyrenophora tritici-repentis; F. sol, Fusarium solani. The alignment was performed using NCBI BLAST and EBI ClustalW. The catalytic serine is highlighted in magenta, catalytic aspartate in green, catalytic histidine in blue. The site for targeted mutation L172 is highlighted in lavender, N172 in orange. Stereo diagrams show the catalytic triad (circled in red) and mutation sites in G. cingulata cutinase. (a): The original amino acids L172 and N177; (b): The substituted K172 and D177. The selected amino acids are shown in licorice format. In silico mutagenesis was done using InsightII (Accelrys, San Diego, CA).
Fig. 2.
Comparison between WT and variants specific activity towards soluble esters of different acyl-chain lengths. The relative activities of the enzymes towards p-NPL (C12:0), p-NPM (C14:0) and p-NPP (C16:0) were determined as described in the Materials and methods section. The relative specific activity was calculated using WT as the reference, which was taken as 100%. All values are expressed as mean + standard deviation (bar), based on three independent experiments. R156K variant was shown to improve towards an anionic detergent. Thus, we hypothesized that the corresponding mutation would improve the thermal stability of G. cingulata cutinase as this mutation is located in the loop showing highest conformational fluctuation in response to incremental temperature in F. solani cutinase (Creveld et al., 1998) .
The half-life of the wild-type recombinant cutinase was determined to be 30 min at 508C. Intriguingly, N177D exhibited higher residual activity under almost all temperatures studied compared with WT suggesting an improved heat tolerance. N177D showed a prolonged half-life of about 1 h and 20 min when this variant was compared with wildtype recombinant cutinase when thermal inactivation was analyzed at 508C (Fig. 4) . These results clearly demonstrated that the effect of higher temperature on wild-type cutinase was more pronounced compared with N177D. N177D is far more resilient to temperature increases with a 2.7-fold increase in half-life at 508C (80 min) over that of the wild-type enzyme (30 min).
In view of this, it was reasonable to assume that the relatively high residual activity of N177D after 2 h of heat challenge at 508C could be attributed to its improved tolerance towards thermally induced unfolding. To confirm this assumption, DLS was employed to monitor and compare thermalinduced unfolding of the wild-type cutinase and cutinase variants.
Thermal-induced unfolding
When a protein is heated at temperatures above its melting point, substantial unfolding will expose hydrophobic chains which were originally buried. This thermodynamically unfavorable state would then lead to non-specific hydrophobic interactions between neighboring unfolded polypeptides; thus, a drastic increase in both size and scattering intensity will be observed. Thermally induced unfolding of the purified WT, L172K and N177D was assessed by DLS which allows the observation of both size and scattering intensity as a function of temperature. The size and scattering intensity remained constant for WT from 25 to 458C, suggesting that the tertiary structure was stable and unperturbed. A marked rise in both size and scattering intensity was observed immediately after the temperature increased to 508C, indicating the protein has undergone substantial unfolding ( Supplementary Fig. S1A ). A similar trend was seen for L172K in which the protein remained stable within a temperature range of 25-408C. However, this variant encountered noticeable unfolding as the temperature increased to 458C (Supplementary Fig. S1B ).
The unfolding event of L172K was initiated at a lower temperature in comparison with WT, indicating that L172K adopts an altered thermal endurance behavior. This could be a reciprocal loss in thermal stability as a consequence of improved catalytic performance, considering that enzymes are only marginally stable and generally work optimally at the edge of their stability (Zavodszky et al., 1998) . Alteration of the intra-molecular interactions that are indispensable in preventing the tertiary structure from unfolding is thought to be responsible for the reduced thermal stability. The substitution at this position may have disrupted the surrounding conformation of the spatial neighborhood that determines protein stability.
It was reported by Creveld et al. (1998) that albeit the difference in unfolding order and direction, the same regions respond to the different unfolding conditions (thermal unfolding and solvent unfolding), pinpointing the presence of inherent 'weak spots' in the structure of cutinase. This means that improvement achieved at a particular 'weak spot' should improve both thermal and surfactant stability. However, the outcome of this study somehow contradicts this idea because the corresponding mutation in F. solani cutinase was found to be improved against AOT, but this mutation is highly susceptible to temperature in the case of G. cingulata cutinase. Clearly, the correlation between susceptibility of the regions in the cutinase structure towards unfolding caused by surfactants and temperature still remains debatable. Although there is available evidence that proteins that are stable to one type of denaturing condition are also stable towards other types (Cowan, 1997; D'Amico et al., 2003) , yet this correlation is not absolute.
The N177D variant behaves in a distinctive manner as reflected by DLS measurements. The stationary character of N177D towards heat challenge is apparent as both the size and scattering intensity were unchanged from 25 to 508C. As Fig. 4 . Thermal inactivation of WT cutinase and its variants (L172K, N177D). Thermal stability was determined by monitoring residual enzymatic activity. Sampling of each enzyme was carried out at intervals of 20 min, for a period of 2 h at 508C. Enzymatic activity was then assayed using the standard enzyme assay. Data points correspond to the mean values of three separate experiments. Fig. 3 . Effect of temperature on WT and N177D cutinase enzymatic activity. Reactions were carried out using p-NPL (C12:0) in 50 mM Tris-HCl buffer pH 8.0 at different temperatures from 15 to 708C.
Thermal stabilization of Glomerella cingulata cutinase the temperature was raised to 558C, the readings for both parameters were slightly increased. A climb was only observed as the temperature increased to 608C (Supplementary Fig. S1C ). This demonstrated that N177D endowed cutinase with a delayed thermally induced unfolding feature. As expected, the N177D mutation increases the thermal stability of G. cingulata cutinase. This may indicate that residue N177 is potentially thermolabile due to its tendency to undergo deamidation. On the other hand, modification of the surface electrostatics that subsequently leads to incremental conformational stabilization of the local environment is also thought to be accountable for the observable delayed unfolding event. This mutation might contribute favorably in forming a concerted and intricate electrostatic network that fortifies local molecular interactions thereby delaying the overall unfolding event. To affirm the role of N177D in promoting thermo-stabilization of G. cingulata cutinase, thermal unfolding MD simulations can be carried out. There are well-documented examples of employing MD to illustrate the molecular basis for enzyme thermal stability (Daggett, 2002; Berezovsky et al., 2005; Xu et al., 2011) .
Insights from the L172K/N177D double variant
In view of the improved catalytic performance of L172K at the expense of its thermal stability, we combined the thermostabilizing N177D into L172K in hopes that thermal stability of L172K could be restored. The cutinase variant bearing the L172K/N177D mutations was purified and activity on pNPL was compared with WT and the single-site variants. Figure 5 shows the inactivation profiles obtained by measuring the residual activity of the cutinase variants after different durations of exposure at 558C. Activity of the L172K/N177D variant was about 10-15% higher than that of WT when assayed at 258C without heat treatment, suggesting that the beneficial effect of L172K was somehow masked by N177D. This observation could be attributed to the mutational effect brought about by N177D, whereby a reduction in enzymatic activity at 258C was seen.
After incubation at 558C for 30 min, both WT and L172K retained up to only 20-30% of residual activity, while, N177D exhibited higher residual activity of more than 40%. The double mutant was clearly more resilient to a rise in temperature as compared with the L172K single mutant. A satisfactory gain in protein stability was achieved by the double variant; this was particularly noticeable under enhanced thermal stress following exposure at 558C for a period of 60 min (Fig. 5) . It is gratifying to observe that the double mutant restores the loss of enzyme stability previously observed with L172K as well as the beneficial effect of higher activity in the absence of heat treatment.
The L172K single mutant exhibited the highest enzymatic activity; yet, this improvement came at the cost of reduced thermal tolerance. Introduction of the thermo-stabilizing N177D slightly compromises this increase in activity but imparts considerable thermal tolerance to the double mutant. However, the thermal tolerance of the double mutant is slightly lower than the N177D single mutant. This suggests that although these two mutations are spatially far apart (the Ca of the two residues are 11.89 Å away from each other) (Fig. 6) , the mutational effects are mutually compensating.
Taken as a whole, N177D outperforms the wild-type G. cingulata cutinase with respect to its thermal tolerance and hence suggests that N177 is thermolabile. L172K represents an example of an enhancement in an attribute with a concomitant loss of another feature. A combination of the two mutations results in a double mutant which presents higher enzymatic activity at the optimal temperature of the wild-type enzyme and exhibits notable thermal stabilization upon heat challenge. Thus, this study not only suggests that similar protein engineering achievements can be made with cutinases of other origins, but also provides a clue as to how to approach such attempts.
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Supplementary data are available at PEDS online.
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